Abstract Prostate multi-parametric magnetic resonance imaging (mpMRI) has shown excellent sensitivity for Gleason !7 cancers, especially when their volume is !0.5 mL. As a result, performing an mpMRI before prostate biopsy could improve the detection of clinically significant prostate cancer (csPCa) by adding targeted biopsies to systematic biopsies. Currently, there is a consensus that targeted biopsies improve the detection of csPCa in the repeat biopsy setting and at confirmatory biopsy in patients considering active surveillance. Several prospective multicentric controlled trials recently showed that targeted biopsy also improved csPCa detection in biopsy-naïve patients. The role of mpMRI and targeted biopsy during the follow-up of active surveillance remains unclear. Whether systematic biopsy could be omitted in case of negative mpMRI is also a matter of controversy. mpMRI did show excellent negative predictive values (NPV) in the literature, however, since NPV depends on the prevalence of the disease, negative mpMRI findings should be interpreted in the light of a priori risk for csPCa of the patient. Nomograms combining mpMRI findings and classical risk predictors (age, prostatespecific antigen density, digital rectal examination, etc.) will probably be developed in the future to decide whether a prostate biopsy should be obtained. mpMRI has a good specificity for detecting T3 stage cancers, but its sensitivity is low. It should therefore not be used routinely for staging purposes in low-risk patients. Nomograms combining mpMRI findings and other clinical and biochemical data will also probably be used in the future to better assess the risk of T3 stage disease. 
Introduction
In most organs, when there is a suspicion of cancer, an imaging test is performed first. Then, when appropriate, an image-guided biopsy is obtained on suspicious lesions. Prostate cancer (PCa) is an exception to this rule. When PCa is suspected based on an elevated prostate-specific antigen (PSA) level and/or an abnormal digital rectal examination, 10e12 biopsies systematically distributed in predefined locations are usually obtained. Then, prostate imaging may be used for local staging purposes in selected patients with positive biopsy findings. This attitude is explained by the fact that PCa is barely visible on imaging, hence the search for tumors by systematic sampling of the gland.
This paradigm is changing due to recent progress in imaging, and particularly in magnetic resonance imaging (MRI). The so-called multi-parametric MRI (mpMRI) that combines T2-weighted imaging (T2WI) with functional pulse sequences such as diffusion-weighted imaging (DWI) or dynamic contrast-enhanced (DCE) imaging has shown excellent results in PCa detection [1, 2] . As a consequence, biopsies targeting suspicious lesions seen on mpMRI are increasingly used in addition to systematic biopsy [3e5] . Some authors even proposed to replace systematic biopsy by targeted biopsy based on mpMRI findings [6, 7] , but this attitude remains controversial [8e10] .
The purpose of this paper is to review current evidence on the diagnostic performance of prostate mpMRI in tumor detection and local staging, and to assess its potential role in patient management in the future.
Technical requirements for prostate mpMRI
Technical requirements for high-quality prostate mpMRI have been summarized by the European Society of Urogenital Radiology (ESUR) and the American College of Radiology (ACR) [11, 12] . Briefly, mpMRI should combine T2WI, DWI and DCE imaging. The use of magnetic resonance proton spectroscopy (MRS) is optional.
T2WI should be obtained in at least two orthogonal planes including the axial plane, using 3 mm slices without any gap and in-plane spatial resolution 0.7 mm (phase) Â 0.4 mm (frequency). DWI should be obtained in the axial plane, with at least three b-values, a maximal bvalue !1400 s/mm 2 , and in plane resolution 2.5 mm (phase and frequency). In practice, a b-value of 2000 s/mm 2 can easily be obtained on modern imagers, even at 1.5 T, and these high b-value trace images are of considerable help in interpreting mpMRI. The diagnostic value of ultra-high b-values (up to 3000 s/mm 2 ) is under evaluation [13] . DCE imaging should be obtained in the axial plane, with a temporal resolution <7 s and in-plane resolution 2 mm (phase and frequency). Axial T2WI, DWI and DCE images must be obtained at the same position and with the same slice center to allow direct comparisons.
The combined use of an endorectal coil and an external pelvic phased-array coil provides excellent signal-to-noise ratio. Similarly, 3 T imaging provides better signal-to-noise ratio than 1.5 T imaging. However, the endorectal coil is expensive and introduces artefacts and patient discomfort. 3 T magnetic resonance scanners are also expensive and not available world-wide. Excellent results in PCa detection have been obtained at 1.5 T and 3 T without the use of an endorectal coil [1] . The use of the endorectal coil and 3 T imaging is therefore optional. Imaging at lower field strength (<1.5 T) is discouraged.
Interpretation of mpMRI

Diagnostic criteria for PCa
In the peripheral zone (PZ), PCa appears typically as a focus of low signal intensity on T2WI, with restriction of diffusion and early and intense enhancement at DCE imaging (Fig. 1) . Unfortunately, the appearance of PCa in PZ is highly variable and many benign conditions can mimic cancer, making the interpretation of focal lesions in PZ difficult. Besides typical cancers with unambiguous, marked, signal abnormalities on all magnetic resonance sequences, the radiologist must indeed characterize a large variety of lesions with various shapes, mild-to-moderate signal changes or even discrepant results from one pulse sequence to another (e.g., marked signal abnormality on one sequence and normal appearance on another). Experience is therefore of paramount importance in distinguishing cancer foci from benign conditions.
In the transition zone (TZ), the diagnostic of PCa is made difficult by the presence of nodules of benign prostate hyperplasia (BPH). Typically, PCa appears as an area with low signal intensity on T2WI, lenticular shape, indistinct boundaries, no cyst, no capsule and a restriction of diffusion (Fig. 2) [14, 15] . Areas of (benign) stromal hyperplasia may show the same appearance [14] . Topography is then an important diagnostic criterion. Stromal hyperplasia is indeed scattered within encapsulated BPH nodules, while cancers are mostly located in the antero-apical third of the TZ [15] . The enhancement pattern of TZ cancers is highly variable and DCE imaging is not reliable to differentiate TZ cancers from BPH nodules [14] .
In 2011, a European consensus meeting recommended to assess the likelihood of malignancy of any lesion described Figure 1 Multiparametric magnetic resonance images obtained at 3 T in a 70-year-old man with a prostate-specific antigen level of 6 ng/mL. A prior systematic biopsy had shown a Gleason score 6 cancer in the left lobe and the patient was referred for multiparametric magnetic resonance imaging before confirmatory biopsy. Images showed a 5 mm lesion in the left peripheral zone showing low signal intensity at T2-weighted imaging (A, arrowhead), marked restriction of diffusion on the apparent diffusion coefficient map (B, arrowhead) and moderate focal enhancement at dynamic contrastenhanced imaging (C, arrowhead). Targeted biopsy showed a Gleason score 7 (3 þ 4, 10% of grade 4) with a maximum cancer core length of 4 mm.
in the prostate using a 5-level subjective score (1. definitely benign; 2. probably benign; 3. uncertain; 4. probably malignant; 5. definitely malignant) [16] . This so-called Likert score is a highly significant predictor of malignancy and efficiently stratifies the risk of malignancy of prostate lesions, at least with experienced radiologists [1,17e19] . However, no clear diagnostic criteria are assigned to the five categories of the score that relies only on the radiologist's experience.
Several works showed that simple combinations of image features from the three pulse-sequences could stratify the likelihood of malignancy of prostate lesions, holding promise of more standardized interpretation between radiologists [20, 21] . In 2012, the ESUR endorsed the Prostate Imaging Reporting and Data System (PI-RADS) scoring system that defined semi-objective lesion features for T2WI, DWI, DCE imaging and MRS. The lesion features were assessed using a 5-level scale for each pulse sequence, resulting in a score range of 3e15 without MRS and 4e20 with MRS [11] . Unfortunately, this PI-RADS v1 score did not improve inter-reader variability [22e24]. The PI-RADS was revised in 2015 by the ESUR and the ACR. The resulting 5-level PI-RADS v2 score introduced the concept of a dominant pulse sequence (T2WI for TZ, DWI for PZ) holding most of the diagnostic value, the role of DCE imaging being reduced to characterizing lesions found indeterminate on DWI in PZ [12] . Even if some aspects of this scoring system have been criticized [25] , a recent meta-analysis found that the PI-RADS v2 score was a good predictor for malignancy, with higher pooled sensitivity than the PI-RADS v1 score [26] . However, the inter-reader reproducibility of the PI-RADS v2 is moderate at best [27e30]. Consequently, the good results reported in specialized institutions may not be generalized. Given the increasing use of prostate mpMRI over the world [5, 31, 32] , this lack of reproducibility will become a major concern in the future.
Interestingly, the scores (Likert or PI-RADS) stratify not only the likelihood of malignancy, but also predict the aggressiveness of the tumor. A lesion scored 5 has indeed a probability of 70%e91% of being malignant, and of 50%e75% of being a Gleason score !7 cancer at targeted biopsy. Similarly, the probabilities of overall malignancy and Gleason score !7 cancer are 30%e60% and 14%e33% for lesions scored 4, and 7%e35% and 0e17% for lesions scored 3 [17,18,33e36] .
Using quantitative thresholds to predict the nature and aggressiveness of prostate focal lesions seen on MRI could improve the interpretation standardization. Many quantitative parameters are significant predictors of malignancy in prostate, either as stand-alone or in combination. As a result, some researchers have developed computer-aided diagnosis (CAD) systems aimed at improving visual diagnosis by measuring quantitative magnetic resonance parameters [19,37e39] . Unfortunately, quantitative approaches in MRI are limited by substantial variability across imagers from different manufacturers. Therefore, it may be difficult to define reliable thresholds that could be applied to all imagers. Of the many CAD systems published in recent literatures, only a few have been proven robust enough to be used on data from different manufacturers [40, 41] . Thus, it remains unclear whether quantitative imaging will play a major role in PCa characterization in the future.
Diagnostic criteria for local extraprostatic extension (ECE)
ECE is assessed on T2WI. Fat-suppressed DCE imaging may also be helpful. Imaging features suggestive of ECE include broad tumor contact with the capsule, asymmetry or invasion of the neurovascular bundles, a bulging prostatic contour, an irregular or spiculated margin, obliteration of the rectoprostatic angle and breach of the capsule with evidence of direct tumor extension or bladder wall invasion [12] . Not all these features have the same diagnostic weight, and it is advised to pay particular attention to "direct" signs of ECE such as tumor signal intensity within the periprostatic fat or the bladder wall, or obliteration of the rectoprostatic angle (Fig. 3) . "Indirect" signs such as tumor bulging or broad tumor contact with the capsule must be interpreted with care since they may induce a large number of false positive findings.
The features of seminal vesicle invasion (SVI) include focal or diffuse low T2-weighted signal intensity and/or abnormal contrast enhancement within the seminal vesicle, restricted diffusion, obliteration of the angle between the base of the prostate and the seminal vesicle, and demonstration of direct tumor extension from the base of the prostate into and around the seminal vesicle [12] . As for ECE features, it is recommended to have a rather specific interpretation, and to take into account only direct signs of SVI from the prostate base, with obliteration of the prostatoseminal angle. Isolated low T2-weighted signal intensity and/or enhancement with no direct connection with a tumor in the prostate base must be interpreted with care. In our experience, they usually correspond to benign conditions. Every focal lesion seen in the prostate should receive not only a score of likelihood of malignancy (using the PI-RADS v2 score), but also a score of likelihood of extraprostatic extension. The PI-RADS v1 document provides some guidelines on how to score this extraprostatic extension [11] . Figure 2 Multiparametric magnetic resonance images obtained at 3 T in a 75-year-old man with a prostate-specific antigen level of 31 ng/mL and history of two prior negative systematic biopsies. T2-weighted imaging (A) showed an illdefined lenticular area with marked low-signal intensity in the anterior third of both transition zones (arrows). This area showed a marked restriction of diffusion on the apparent diffusion coefficient map (B, arrows), and almost no enhancement at dynamic contrast-enhanced imaging (C, arrows). Targeted biopsies showed a Gleason score 7 (4 þ 3, 60% of grade 4) cancer with a maximum cancer core length of 15 mm.
As mentioned above, mpMRI specificity in evaluating ECE and SVI tends to be good. Its sensitivity is low. Pooled data from a meta-analysis for ECE, SVI and overall stage T3 showed a sensitivity and specificity of 0.57 (95% CI: 0.49e0.64) and 0.91 (95% CI: 0.88e0.93), 0.58 (95% CI: 0.47e0.68) and 0.96 (95% CI: 0.95e0.97), and 0.61 (95% CI: 0.54e0.67) and 0.88 (95% CI: 0.85e0.91), respectively [42] . Low sensitivity is mostly explained by the fact that mpMRI cannot detect microscopic invasion [43, 44] .
The use of high field strength (3 T) or functional imaging in addition to T2WI improves sensitivity for EPE or SVI detection [42] , but the experience of the reader remains of paramount importance [45] and the inter-reader agreement is moderate with kappa values ranging from 0.41 to 0.68 [46] . 4 . The role of mpMRI in the management of clinically localized PCa
Prebiopsy mpMRI in patients with no history of PCa
Correlation with radical prostatectomy specimens showed that mpMRI detection rates depended on the tumor Gleason score and volume [1, 2] . mpMRI sensitivity is excellent for Gleason score !7 cancers with a volume !0.5 mL. In a series of 175 pre-prostatectomy mpMRI assessed by two independent readers, detection rates were 21%e29% and 49%e60% for Gleason score 6 tumors of less and more than 0.5 mL respectively, 56%e63% and 88%e92% for Gleason score 7 tumors of less and more than 0.5 mL respectively, and 96% for Gleason score !8 tumors [1] .
Because of this high sensitivity for aggressive tumors, many groups evaluated whether mpMRI could be used to increase the detection of csPCa by showing suspicious lesions that could be targeted at biopsy. A systematic review showed that magnetic resonance/ultrasound fusion targeted biopsies detected significantly more csPCa than standard systematic biopsy. The median difference in detection rate between the two approaches was 6.8% (range, 0.9%e41.4%) and always in favor of targeted biopsy [4] . However, another systematic review showed that the increased detection of csPCa due to targeted biopsy was significant only in the repeat biopsy setting. In patients with history of negative prior biopsy, the relative sensitivity between targeted and systematic biopsy was 1.54 (95% CI: 1.05e2.57). It was only 1.10 (95% CI: 1.00e1.22) in biopsy-naïve patients [3] . This can be explained by the fact that the repeat biopsy group is more favorable for mpMRI, with an increased prevalence of anterior tumors that are well detected by mpMRI [47] , but tend to be missed by systematic biopsy.
In biopsy-naïve patients, several prospective monocenter trials gave conflicting results on the added value of targeted biopsy as compared to standard systematic biopsy [48e52]. However, three recent large prospective multicenter studies gave concordant results that may change guidelines on this matter. The PROMIS study evaluated mpMRI and transrectal ultrasound (TRUS)-guided systematic biopsy against template prostate mapping biopsy in 576 biopsy-naïve men [53] . mpMRI was more sensitive for detection of csPCa (Gleason score !4 þ 3 or cancer core length !6 mm) than TRUS-guided systematic biopsy (93% [95% CI: 88%e96%] vs. 48% [95% CI: 42%e55%], p < 0.0001). However, the analysis was made at the patient level, and did not assess the spatial correlation between areas positive on mpMRI and on template mapping biopsy. The fact that mpMRI had a poor specificity (41% [95% CI: 36%e46%]) may have generated some false positive findings interpreted as true positive at per-patient analysis. Thus, mpMRI sensitivity may have been overestimated and the added value of targeted biopsy cannot be inferred from these results. The PRECISION study randomized 500 patients to either 10e12 core systematic biopsy or to mpMRI with no biopsy if mpMRI was negative (PI-RADS v2 score 2) or targeted biopsy without systematic biopsy if mpMRI was positive (up to three lesions targeted and up to four cores per target) [54] . Targeted biopsy detected significantly more men with Gleason score !7 cancer (38% vs. 26%, adjusted difference of 12 points [95% CI: 4e20]; p Z 0.005), and significantly fewer men with non-significant cancers (defined as Gleason score 6 cancers; 9% vs. 22%, adjusted difference of 13 points [95% CI: 7e19]; p < 0.001). Based on these excellent results, one may think that using mpMRI as a triage test (i.e. performing no biopsy at all when mpMRI is negative and Gleason score !7 cancers would have been missed in 5.2% (95% CI: 2.8%e8.7%) of patients, had systematic biopsy not been performed, and in 7.6% (95% CI: 4.6%e11.6%) of patients, had targeted biopsy not been performed. Thus, it seems clear that obtaining a pre-biopsy mpMRI improves the detection of csPCa. However, whether systematic biopsy can be omitted remains controversial. Many groups reported mpMRI had excellent negative predictive value for ruling out csPCa [10] . Yet, analysis of several prospective monocenter trials showed that combined systematic and targeted biopsy performed substantially better than targeted biopsy alone [52,56e59] , which is in line with the MRI-FIRST results. Interestingly, one retrospective study of 211 patients with unilateral MRI lesions reported that systematic biopsy was useful in addition to targeted biopsy in the lobe containing the MRI lesion; in contrast, the added value of the systematic biopsy of the contralateral lobe was marginal [60] . This suggests that systematic biopsy may play a role in detecting csPCa identified by mpMRI but missed by targeted biopsy. This is in line with MRI-FIRST findings. Indeed, in the MRI-FIRST cohort, systematic biopsy found Gleason score !7 cancer missed by targeted biopsy in 13 patients. Five of these 13 patients had negative mpMRI; of the eight remaining patients, five had an MRI lesion in the same sextant in which systematic biopsy found Gleason score !7 cancer. Thus, at least in these five patients, targeted biopsy might have missed its target [55] . The accuracy of guiding methods for targeted biopsy has been seldom evaluated in routine conditions [61] . It becomes mandatory to carefully evaluate this accuracy in order to define the minimal number of targeted cores required as a function of the size of the MRI lesion and of the size of the prostate.
Nonetheless, using negative and positive predictive values may be misleading since they are dependent on the prevalence of the disease in the population [62] . A recent systematic review showed that the reported prevalence for overall cancer and csPCa in patients undergoing pre-biopsy mpMRI was highly variable across institutions (13%e74.7% and 13.7%e50.9%, respectively) [10] . Thus, it is necessary to standardize, or at least risk-stratify, the population referred for pre-biopsy mpMRI before defining the need for systematic or targeted biopsy. High-risk patients with negative mpMRI findings may still need systematic biopsy, and low-risk patients with positive mpMRI may not all need biopsy depending on the PI-RADS scores of the MRI lesions. Interestingly, several recent studies suggested that combining mpMRI findings and clinical data such as age, PSA level, prostate volume, history of prior biopsy and/or digital rectal examination findings could improve the prediction of the results of subsequent prostate biopsy [63e66] . Such nomograms may therefore be used in the future to decide whether the patient needs to undergo biopsy or not, based on his clinical background and mpMRI findings.
The role of mpMRI in active surveillance (AS)
AS is a strategy aimed at delaying the active treatment of cancers of low aggressiveness, until they show signs of aggressiveness or progression. Since it is a strategy with curative intent, it is essential not to miss the window of opportunity for cure while following up the patient.
There is currently no consensus on the exact criteria that should indicate AS, nor on the criteria that should trigger active treatment. Most groups include only Gleason score 6 cancers with low PSA levels, low PSA density and a small number of positive biopsy cores. Some authors also include patients with Gleason score 7 (3 þ 4) cancers, a least when their age is over 70 years. Most authors agree that when AS is considered, the patient should undergo another biopsy. This so-called confirmatory biopsy is intended to identify highergrade cancer that could have been missed on the original biopsy. The frequency of repeat biopsy during the course of follow-up is not consensual [67] .
mpMRI is useful to improve the detection of csPCa at confirmatory biopsy, i.e. at initial assessment of men considering AS [68] . In a recent review of literature, Schoots et al. [69] pooled the results of eight series comprising a total of 931 patients who underwent mpMRI before confirmatory biopsy. mpMRI was positive in 73% of patients. A total of 32% of patients (297/931) were reclassified at confirmatory biopsy due to the discovery of Gleason score !7 (3 þ 4) cancer. Cancer upgrading occurred in 13% (121/ 931) on both systematic and targeted biopsies, in 11% (105/ 931) on systematic biopsy alone and in 8% (71/931) on MRItargeted biopsy alone. This suggests that mpMRI is useful before confirmatory biopsy, but that systematic biopsy should be performed in addition to targeted biopsies. Performing an mpMRI before confirmatory biopsy is now recommended by the European Association of Urology Guidelines [70] .
The role of mpMRI during the course of AS (i.e. after the confirmatory biopsy) is unclear. There is no consensus whether or not serial mpMRIs should be obtained during AS and what would be their optimal frequency. It remains controversial whether negative or stable mpMRI findings during follow-up could safely obviate subsequent biopsy. Small series reported reclassification rates of 35%e70% at follow-up biopsies when mpMRI findings suggest progression, versus 16%e32% in case of negative or stable mpMRI [69] .
Before the use of mpMRI could be further assessed during AS, there is a need for standardizing the interpretation of mpMRI in AS patients and for defining precise imaging criteria suggesting progression. A group of experts has recently made propositions, with the hope that this fosters research on that matter [71] .
The role of mpMRI in local staging
Because of its low sensitivity for microscopic ECE and SVI, mpMRI is not recommended for local staging in low-risk patients. However, mpMRI can still be useful for treatment planning in selected low-risk patients (e.g. candidates for brachytherapy) [72] .
In the future, other tools may be used in conjunction with mpMRI findings to better predict T3 stage diseases. Several clinical parameters including PSA level, PSA density, age, digital rectal examination, percentage of cancer in biopsy cores, biopsy Gleason score, MRI lesion size have been shown to improve the staging performances when combined with mpMRI features of ECE and SVI [73e76]. Therefore, it is likely that local staging will be assessed in the future not by mpMRI findings alone but by nomograms combining clinical, biochemical and imaging features.
Future perspectives
Because mpMRI will be increasingly used before biopsy, it seems necessary to address three main issues in the near future.
First, the moderate inter-reader reproducibility of prostate mpMRI becomes a critical issue. If the excellent results obtained with mpMRI in referral hospitals are not reproduced in community centers, the broad use of prostate mpMRI will lead to patient mismanagement in a substantial proportion of cases. A large effort of standardization of technical protocols and image interpretation has been undertaken during the last few years. This effort will be continued through future refinements of the PI-RADS score. A major effort is also necessary in radiologists' specialization, improved multidisciplinary discussions, and, probably, in developing certification procedures and effective quality controls in centers performing prostate mpMRI. Quantitative imaging may also help standardizing mpMRI interpretation. Interestingly, one CAD, crossvalidated on images from two different manufacturers, has been recently shown to outperform Likert scoring in predicting the presence of Gleason !7 cancer at targeted biopsy [77] .
Avoiding unnecessary biopsies will also be a major research topic in the future. As discussed above, combining clinical data, PSA-based features and mpMRI findings helps defining patients who could safely avoid prostate biopsy. A prospective and multicentric validation of such a multivariable nomogram is now necessary.
Lastly, evaluating the accuracy of targeted biopsies (accuracy of guiding methods, minimal number of cores needed, influence of the training of the operator, etc.) becomes mandatory since targeted biopsies are likely to be increasingly used alone, without systematic biopsies in the future.
Conclusion
Because of its excellent sensitivity for aggressive cancer, mpMRI is increasingly used to localize csPCa before biopsy, and obtaining prostate mpMRI before biopsy will probably become the standard of care in the future. However, it remains necessary to improve mpMRI inter-reader reproducibility, to define the best way to select the patients that could safely avoid biopsy and to evaluate (and improve) the accuracy of the methods guiding the biopsies that target suspicious lesions identified by mpMRI.
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